ABSTRACT Polarised-light microscopy was used to investigate the influence of stress level and fibre/matrix adhesion on the fatigue failure process in carbon-epoxy multi-fibre model composites. It was shown that the fatigue stress has a strong influence on the damage accumulation process in such model composites. Increasing levels of tension-tension fatigue stress resulted in an increase in total number of fibre breaks, stronger fibre-fibre interaction, i.e. fibre failure due to stress concentrations caused by a fractured adjacent fibre, and more interfacial damage. An increase in fibre-matrix adhesion was also found to result in more fibre-fibre interactions, whereas in the case of poor fibre/matrix adhesion extensive debonding takes place. Finally, the experimental observations were interpreted using a 3-D finite element analysis of the model composites.
INTRODUCTION
The fatigue behaviour of composite materials has been a subject of active research over the years since mechanical fatigue is one of the most common types of failure of structures [1] . Fatigue of composites is a complex process of cyclic load-induced events and phenomena, which determine long-term performance and are significantly different from those in conventional materials. Fatigue of composites is rather complex because it is dependent on a large number of parameters such as the properties and volume fraction of the individual constituents, the interfacial bond strength, the orientation of the reinforcement fibres, the presents of voids or flaws introduced by the fabrication process, etc [2] .
Fatigue damage mechanisms in unidirectional composites depend on the loading mode, i.e. tensile or compressive, and on whether the loading is parallel or inclined to the fibre direction [3] . In this research we shall consider only tensile loads parallel to the fibre direction. The damage mechanisms in unidirectional composites under tensile fatigue may be divided into three types, namely: matrix, fibre and interfacial damage mechanisms [4] . Fibre breakage occurs at stresses exceeding the strength of the weakest fibre in a composite. A fibre break causes a stress concentration in the vicinity of the broken fibre. If this stress concentration is high enough it can lead to failure of adjacent fibres and as such to progressive fibre failure. Ultimately this will lead to catastrophic failure of the entire composite. As a result of shear stress concentrations at the broken fibre end the interface may also fail, leading to debonding of the fibre from the surrounding matrix. The debond length depends on the shear strength of the interface and its usually small, of the order of few fibre diameters. Concerning the interfacial damage, a simplistic approach is to characterise as interfacial damage any damage parallel to the fibres [3] . In this work, use is made of so-called multi-fibre model composite systems [5] , consisting of several aligned continuous fibres embedded in an epoxy tensile bar. These model composite systems have been used in the past to study the influence of parameters such as inter-fibre distance [6, 7] (read: fibre volume fraction), fibre/matrix adhesion [8] [9] [10] and matrix properties [11, 12] on S. Goutianos and T. Peijs fibre-fibre interaction. This paper describes the influence of the stress level and fibre/matrix adhesion on fatigue damage of such multi-fibre model composites.
EXPERIMENTAL
Unsized intermediate modulus carbon fibres [13] (Courtaulds, Apollo IM 43-750) of two different oxidative surface treatments levels were used: (i) standard treated fibres, which received the commercial treatment and (ii) untreated fibres. The average fibre diameter measured P m . The resin consisted of a common diglycidyl ether of Bisphenol-A (DGEBA) epoxy (Ciba Geigy) and a stoichiometric amount of poly(oxy-propylene)triamine curing agent (Texaco, Jeffamine T-403). The resin was cured at room temperature for 24 hours and post cured at & o for 16 hours. The Young's modulus of the matrix was 2.9 GPa. Multi-fibre model composites were prepared by positioning five fibres parallel at a predefined inter-fibre spacing, approximately three fibre diameters (see Fig. 1 ), using a technique initially developed by Wagner and Steenbakkers [14] . This inter-fibre spacing was selected on the basis of previous studies performed by Van den Heuvel et al. [15] , showing coordinated failure, i.e. strong fibre-fibre interactions for this inter-fibre distance. The failure phenomena were recorded ILEUHV by means of photography using polarised-light microscopy [16] . A quantitative analysis of the distribution of breaks was made by registering the break positions, followed by grouping the breaks by applying a criterion for the inter-fibre distance. As outlined by Feillard et al. [17] there is still no commonly accepted way to determine the critical length (l c ) from the fragment length distribution. Since a well-defined determination of the l c is not crucial in the present context the critical length is chosen equal to twice the debond (or yielded) length. Fig. 2 shows schematically the interaction criterion introduced. s were used: 80% and 95%, respectively of the saturation strength ( X s in static loading). The application of cycling loading (triangular shape) was stress controlled and the experiments were performed on a Frank 81565 universal tensile tester. The static saturation strength was determined and measured 60.3 GPa, i.e. above this stress the fibre cannot accommodate another break. It is important to note that in this study the static saturation strength is regarded as the ultimate tensile strength of the multi-fibre microcomposite. Real macroscopic failure of the microcomposite is related to fracture of the matrix rather than the fibres because of the Fatigue damage mechanisms in carbon-epoxy multi-fibre model composites extremely low fibre volume fraction in the specimens (~0.002%).
3. RESULTS AND DISCUSSION 3.1 Influence of the stress level on fatigue damage The influence of stress level was investigated using the commercially treated fibres at a fibre spacing of approximately three fibre diameters i.e. 15 mm at two different stress levels 80% and 95% of the saturation stress, respectively. Although fibre spacing is only approximately uniform it has already been shown by Van den Heuvel [5] that the critical interfibre spacing where a transition from random failure to The interaction criterion. Breaks 1 and 2 are coordinated breaks since break 2 is within the affected area caused by break 1, using the interaction criterion introduced. Break 3, although satisfying the criterion after N j number of cycles, is not a coordinated break since the apparent coordination is caused by the interfacial damage growth with fatigue rather than fibre-fibre interaction. Initially the criterion was not satisfied.
coordinated failure occurs is around 7-9 fibre diameters. This means that the variations in the interfibre spacing as observed in our specimen are expected to have relatively minor effects on the failure process. According to Bascom and Jensen [18] these birefringent areas represent matrix areas, at the fibre-matrix interface, in which plastic deformation (yielding) has taken place as a result of shear stresses at the interface after an initial Fatigue damage mechanisms in carbon-epoxy multi-fibre model composites fibre break [19] . This yielding could result in an imperfect interface [20, 21] and thus a measure of its growth can be interpreted as a measure of the interfacial damage growth in fatigue. In the same micrographs, it can be clearly seen that a new fibre break is introduced in the third fibre from below after 70 fatigue cycles (see Fig. 3b ).
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It is also shown that the interfacial damage zone grows with number of cycles at both sides of the fibre break (see Fig 3a-d) . = , evolution of alignment takes place by means of appearance of breaks, which are coordinated with a maximum of three or five breaks, whereas the amount of the non-aligned breaks decreases gradually. This imply that at low cycle fatigue, fibre failure is dominant whereas for intermediate cycles, progressive matrix cracking and/or interfacial shear failure become dominant, which is in accordance with Talreja's fatigue-life diagram [3] . It should be noted however that in the current study the fatigue-lifetime (or failure) of the microcomposites is not directly related to the fibre failure process. Because of the extremely low fibre volume fraction final fracture of the specimens is fully dominated by the epoxy matrix. Hence the microcomposites only allow for the investigation of the fatigue damage process and not fatigue lifetime.
Influence of the fibre/matrix adhesion on fatigue damage
From the birefringence pattern (see Fig. 3 ) it can be seen that for the treated fibres debonding occurs only over a very small length, indicating good adhesion, whereas the untreated fibres gave extensive debonding (Fig. 5) . Similar results have been reported by Van den Heuvel et al. [6, 15, 19, 22] for static loading, and by Van den Oever et al. [23] and Gamstedt et al. [24] for fatigue loading. They observed extensive debonding near broken fibre ends in the case of composite systems with poor fibre/matrix adhesion. The evolution of the interfacial damage (debond growth) for both fibre systems with number of cycles is plotted in Fig. 6 . At the application of load cycles there is a sudden and distinct increase in interfacial damage (debonding), whereupon this increases slightly with number of cycles. In the final fatigue stages, one should expect an increase of damage growth rate but this is not seen in Fig. 6 because specimens were failing due to matrix fatigue. Gamstedt and Sjorgen [1] reported a similar way of debond growth with fatigue in composite laminates. The coordinated fibre fractures of the untreated fibres are shown in Fig. 7 . The untreated fibres display clearly random fibre failure by means that the amount of the nonaligned breaks shows a random evolution, whereas the breaks, which are coordinated with the maximum of three breaks do not show any evolution.
Finite element analysis
In the past a number of analytical models have been developed that predict the stress concentration factor (SCF) in a neighbouring non-broken fibre [25] [26] [27] . In this study we used finite element analysis (FEA) to calculate the stress concentration factors in the microcomposites. To simulate the dynamic fibre fracture process a number of (static) finite element analyses were performed [28] [29] [30] [31] , using the MARC [32] finite element code. Recent studies by Van den Heuvel et al. [6, 29] have already shown the advantages of FEA over existing analytical models for the calculation of 
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SCFs in multi-fibre microcomposites. For a case of a single fibre break, their results showed a better agreement between calculated and measured SCF values using laser Raman current study this FEA model is extended to the case of multiple fibre breaks, thus simulating the dynamic fracture process in fatigue.
The finite element analysis consisted of two load cases. First, a thermal load was applied to account for the thermal residual stress resulting from the cure process. Secondly, a tensile load is applied to the microcomposite using a prescribed displacement of the nodes at the far end of the model. During thermal loading and up to a strain of 0.4% no fibre break is introduced. In the next increment (e = 0.45%) a fibre break is introduced by releasing the constraints of the nodes of one fibre (or in the case of multiple fibre breaks more fibres) in the plane of fracture. In the case of poor fibre-matrix adhesion, the debonding was modeled by separate nodes at the fibre-matrix surface, whereas in the case of perfect adhesion the fibre-matrix nodes were shared by both materials. The sequence of the fibre fracture process was simulated by calculating the SCF in the neighbouring non-broken fibre in the case of one, two, three and four broken fibres, respectively. Fig. 8 shows that the SCF increases significantly as more fibres fail. As soon as an initial break results in a second aligned break the SCF increases significantly. Hence, it is expected that this will lead to subsequent breaks in the third and fourth fibre. As a result, it is expected that in the final stages of the fatigue process there will be many non-aligned breaks (one break = low SCF), few groups of breaks coordinated with the maximum of two or three breaks and many breaks coordinated with the maximum of four or five breaks. The current FEA results predict a stronger increase in SCF with number of fibre breaks than existing analytical models such as that of Wagner and Eitan [33] . They developed an analytical model based on shear-lag analysis in which they were able to describe the effect of multiple fibre breaks on the SCF in the adjacent non-broken fibre. 
At these high stresses the fatigue damage accumulation is related to the fibre breaks, viz. the fibre breakage band in Talreja's fatigue-life diagram [3] . On the other hand for lower values of applied stress, the progressive damage is matrix-depended and this explains the relative low number of co-ordinated fibre fractures for the case of
The effect of the debonded length on the stress distribution in a fibre adjacent to a broken fibre is presented in Fig. 9 . An increase of the debonded length results in a decrease of the SCF and an increase of the positively affected length. Secondly, fibre/matrix debonding results in the formation of a second stress concentration which is located at the end of the debonded zone, away from the broken fibre end. The first effect lowers the possibility of fibre-fibre interaction, i.e. the fracture pattern becomes more random, whereas the second effect may trigger an adjacent fibre break at a position away from the initial break. Hence, both effects result in a decrease of fibre break alignment.
CONCLUSIONS
In this work the fatigue damage mechanisms in unidirectional composites have been investigated using multi-fibre model composites. It can be concluded that an increase of the stress level results in an increase of coordinated fibre failure as a result of more fibre-fibre interaction. It was further found that, in contrast with treated fibres, untreated fibres showed significant debonding and a less fibre-fibre interaction. Finally, the experimental observations were interpreted using a 3-D finite element analysis of these model composites. 
